The paper considers the environmental properties and possible impacts of a wide range of candidate non-geologic, i.e. "alternative", materials for pavement construction. Previous studies had shown that, depending on the material, they were likely to perform adequately from a mechanical point-of-view when used as-is, lightly stabilized and selfcemented. Thus the materials were subjected, in these conditions, to leaching testing (using two laboratory-based methods) and to outdoor lysimeter tests over a 1 year period at a test site. Outline results of observed performance are reported and the results compared and interpreted. The data was then used in a geo-environmental groundwater flow study, together with information on pavement run-off and percolation, in order to predict the mobility of both the run-off and the leached species in the sub-pavement environment. For the studies made, it is shown: that concerns about large scale pollution from leachate are unfounded; that, where there is excessive leaching from a contaminated base or sub-base layer 'source', the immediate pavement environment rapidly attenuates contaminant levels to acceptable values, and that, for most species, run-off should be of much greater concern than leaching from the pavement construction materials.
Introduction
There are increasing pressures for engineers to employ unconventional materials, e.g. slag, ash, construction and demolition waste, scrap tire, etc. as replacements for conventional crushed stone base and sub-base materials. Such materials have an undeniable environmental benefit in reducing despoliation of the environment by reducing quarrying and landfill, but are increasingly giving rise to concerns that their use in pavements may provide a disperse contaminant source which could lead to widespread pollution of ground and surface waters. At the same time, the pollution deposited on the pavement surface and migrating into the pavement construction is becoming a subject about which engineers are becoming more and more aware. Therefore studies have been performed by laboratory and outdoor tests to evaluate likely leaching of contaminants from such materials and by analytical modeling to predict the pathway and destination of contaminant fluxes from these sources.
Contaminants in the Highway Environment
In order to predict the impact of alternative aggregates on groundwater it is necessary to understand the sources, transport and fate of contaminants in the pavement subsurface.
Contaminant Sources. The contaminant sources considered in this study are leaching from pavement materials, and infiltration of contaminated road run-off. A range of contaminants are deposited on the highway surface, such as heavy metals from vehicle wear, hydrocarbons from exhaust emissions and rubber from tire wear. These contaminants are mobilized by water when it rains resulting in run-off with contaminant concentrations such as those given in the upper part of Table 1 . Table 1 . Contaminant concentrations in runoff (Kayhanian, 2003) , leachates from lysimeter test (Hill, 2004) , and background water samples. Hill (2004) firstly studied the leaching behavior of a very broad range of individual aggregates / alternative materials and then she assessed 9 particular aggregates/mixtures in more detail in laboratory and in outdoor lysimeter tests. This paper discusses results for 4 materials -limestone, MSWIA, foundry sand and china clay sand (residual fines from porcelain clay quarrying) bound in cement (Hill also studied mixtures based on granite, crumbed rubber, foundry sand, coal fly ash and steel slags). Leachate specimens were analyzed for 34 species including most metals, carbon and salts. For full results see Hill (2004) . Her aim was to compare the results of conventional, regulatory, laboratory index testing (CEN, 1996) with lysimeter tests that measured, as far as reasonably possible, the contamination levels that can be expected from use of alternative materials: 1. at their real gradings and their real compaction state in-situ, 2. in the in-situ hydraulic regime (normally, only partially saturated), 3. when combined with other aggregates or binders as required for mechanical reasons.
The effects of these factors may be to dilute or amend leachable levels, alter the pH (and, hence, the solubility of leachable components) and reduce the permeability (thereby hindering the transport of contaminant in and from the road). Thus, to simulate the insitu conditions two tests were developed. The first, only partly simulative, was a single batch, non-agitated, leaching procedure adapted from two existing methods (DIN, 1984; NNI, 1993) with a geosynthetic support, ensuring all-round access by the water to the solids. For testing uncompacted material a 2kg specimen at full grading was placed in the tank with distilled water at a liquid to solid mass ratio of 10 ( Figure 1a ). Compacted specimens (either unbound or self-or artificially-cemented, 150mm diameter and 70mm high) can also be placed on the support. Except where fully unbound, specimens were prepared and cured for 90 days to enable any binding reactions to become effective, then tested at a liquid to solid volume ratio of 10. Water specimens were taken for analysis, periodically over 64 days, to check that concentration equilibrium was obtained (e.g. Figure 2 ). One tank test was carried out for each material in a compacted and uncompacted state, in addition to the testing of frequently used, bound, mixtures.
The second series of tests, closer to reality, were full scale lysimeter trials. Nine test cells were constructed, each containing a compacted aggregate or mixture likely to be used in practice, with a horizontal surface area of 1m 2 and a thickness of 0.35m ( Figure 1b ). The cells were exposed to natural climatic conditions and any percolating precipitation was collected and analyzed. Using the two tests, the effects of the physical variables (grading, compaction and, where appropriate, binder treatment) were investigated by comparison between laboratory results while the lysimeter trials were used as a tool to relate the laboratory testing to in-situ behavior. The lysimeter tests were carried out over a period of one year, between October 1999 and October 2000. A typical set of tank-leaching test data is illustrated in Figure 2 (Hill and Dawson, 2000) . The graphs show the leaching of calcium and boron from the full graded material, from compacted material and from the material treated with an alkali binder. They illustrate how compaction slows the leaching process and how the addition of an alkali binder reduces the leaching of the boron but increases the leaching of the calcium due to its presence in the binder. For further details for other materials and treatments see Hill and Dawson (2000) , Hill (2004) and Hill et al. (2001) . Figure 3 shows an overall assessment of leaching as observed in the two tests as well as in a draft European 'compliance' method (CEN, 1996) -in this case for copper, Cu, and zinc, Zn, from 2-8mm crumbed rubber. Cumulative concentration axes are selected in order to allow comparison of tests with fixed and changing water volumes. Note that Cu was only detected in the lysimeter test where the rainwater:solids volume ratio is much lower than water:solids ratios in all laboratory tests. This suggests that only a small quantity of Cu was available and that it leached rapidly. The graph also shows that leaching of Cu and Zn continues with rainfall on the lysimeter, though at decreasing (Cu) or increasing (Zn) concentrations (convex and concave curves, respectively). It also shows the increasing concentration in the tank test with time and the relatively high readings found in the two stage compliance test. Overall, contaminant leaching from the treated materials was low. Considering Table 1 , average concentration of contaminants in leachates, despite being significantly higher than background values is usually less than 10× the mean concentration in runoff. In none of the cases listed does it exceed the maximum concentrations recorded for runoff.
The next step was to assess whether significant attenuation (by mineral adsorption, precipitation, bio-fixing and similar processes) would occur extremely close to the source, thereby reducing concentrations to acceptable levels. Oct. '00 Contaminant Transport. Contaminants in the pavement subsurface can be transported by both advection and diffusion. Advection depends on the water flow in the pavementincluding capillary rise, infiltration of runoff and horizontal flow. However, in the UK, pavements are designed such that the aggregate layer is at least 300mm above the water table. Thus, in most circumstances, the pavement and upper subgrade are unsaturated. Advection in water entering the pavement from a boundary is likely to be the most important transport mechanism except in low permeability materials, e.g. clayey subgrades and partially saturated materials, when diffusion across a concentration gradient may be more important. Even so, the volume of contaminant then transported will be small. Large and/or rapid transport is not feasible when permeability is low.
The rate at which water enters the pavement by infiltration, transporting surface contaminants into the pavement subsurface, depends upon the condition of the pavement surface. Jones and Jones (1989) , Ridgeway (1976) and Taylor (2004) have either measured or estimated ingress through the surface of cracked but serviceable pavements to be 2 -20 litres/hour/m 2 , i.e. they have the capacity to absorb all the rainwater falling on them. For the examples in this paper UK rainfall was assumed to fall in storms giving 6 litres/hour/m 2 . Seepage flow will then be largely horizontal, once in the pavement, when the subgrade is less permeable than one or more of the construction layers (Figure 4 ).
Figure 4.
Typical UK pavement cross section as adopted for analysis (not to scale)
Contaminant Fate.
Possible fates of contaminants in highways include sorption onto/into soil and aggregate particles, biodegradation and contamination of groundwater. Heavy metals have a strong affinity for solid particles. For this reason the fate of most heavy metals in the pavement subsurface is that they become sorped to fines present in highway runoff, to pavement aggregates and to sub-pavement soil particles.
Estimating the Impact of Runoff and Leached Contaminants on Groundwater
To determine the impact of contaminants on groundwater, predictions of contaminant spread in the pavement sub-surface are needed. Commercially available groundwater modeling software was, therefore, employed to determine the spread of a few contaminants at concentrations initially exceeding both 'acceptable' maxima (drinking water, D ed , and environmental water quality, D eq ). Cadmium, copper and zinc were chosen as the contaminants of interest (based on their concentrations in the materials considered, their toxicity and mobility) and so as to enable a comparison with the potential impact of highway runoff containing the same species. Modeling Software. Software was required that was capable of simulating 3-D unsaturated flow, in addition to contaminant transport and sorption. The program used for the modelling was Modflow Surfact 2.2 with the Groundwater Vistas 4 interface. This program assesses unsaturated flow using the van Genuchten model (1980) . This model relates the effective saturation of a material to the capillary head, and the permeability to the effective saturation using parameters α and β (typical values are given by Meyer et al., 1997) . Sorption is simulated using linear and non-linear (Freundlich) models.
Scenario Modelled and Results. The scenario modelled for this study was that of a single carriageway trunk road, on an embankment, with a sub-grade 200mm deep, fin drains of 200mm width and 800mm depth of which 200mm overlaps the aggregate base/sub-base (Figure 4 ) and the water table initially 1m below the aggregate. For each contaminant eight simulations were run; simulating the 4 different construction materials, and 2 different runoff concentrations (mean and maximum), as given in Table 1 . The model assumes that all rainfall (UK rainfall data from the Meteorological Office) over an arbitrary (but lengthy) period of ten years infiltrates into the pavement and that the concentration entering the sub-grade (assumed to be a sand of permeability 1x10 -6 m/s) is the sum of the leached concentration and the runoff concentration. The model assumes that contaminant sorption occurs only from water in the sub-grade whether it is en-route to the water table or to the fin drain system. Permeability and saturation input values are given in Table 2 . Conservative approximations of partitioning coefficients (K d ) have been made of 80 l/kg for cadmium and 200 l/kg for zinc and copper based on Charbeneau (2000) and Christensen et al. (2000) . Apul et al. (2003) , Jones and Jones (1989) , Meyer et al (1997) α (1/m) 7 10 van Genuchten Parameters β 2.5 2.3 Meyer et al. (1997) , Jessep (1998) The output taken from these simulations (Table 3) is the maximum depth below the pavement construction to which drinking water and environmental quality standards are exceeded, D ed and D eq respectively (water quality standards are given in Table 1 ). In the case of cadmium the environmental and drinking water quality standards are equal so only one depth, D, will be given which represents both. It should also be noted that the leached concentration of cadmium was assumed to be 6 µg/l, the detection limit, as it is known that cadmium occurs naturally in most aggregates and is therefore likely to be present in the leachate, despite the fact that it was not detected during lysimeter testing.
As can be seen from these results the contaminants are in all cases sorped to soil particles close to the underside of the highway, or collected by the drainage system. None of the contaminants in any of the modeled scenarios spread to a depth exceeding even 10mm from the pavement construction and, as a result, should cause no concern of water contamination at abstraction points close to highways, even after longer time periods than that modeled. It can also be seen that, where there are high concentrations of contaminants in run-off, the maximum depth at which contaminant concentrations exceed maxima varies little between the standard aggregate (Limestone -6.34mm) and the alternative aggregates (MSWIA -6.44mm, Foundry Sand -6.40mm and China Clay Sand with cement -6.30mm) with the best performance being achieved by the alternative aggregate China Clay Sand with cement. In reality, the relatively high permeability assumed and the pessimistic assumption of full rainfall infiltration means that even these small penetrations are over-estimates. As the aggregates have been assumed to have the same permeability and not to sorb any contaminants from the run-off themselves, there is reason to believe that, in many situations, the real situation is even more favorable. Values are maximum depth (in mm) at which quality maxima are exceeded; n.e. = quality maximum not exceeded.
The similarity of results indicate that, in these cases, quality of run-off, rather than aggregate leachate, is of most significance when assessing the potential for groundwater contamination. In addition the results show that even heavily trafficked roads, with high contaminant run-off concentrations, are unlikely to present a risk of groundwater contamination from seepage flows.
Discussion and Conclusions
In outline the laboratory and in-situ testing showed that concerns about pollution from leachate due to pavement construction using typical alternative materials are largely unfounded. Secondly, where there is excessive leaching from a contaminated base or sub-base course 'source' or where percolating run-off carries excess contaminant load, the immediate pavement environment rapidly attenuates contaminant levels to acceptable values, in all cases this is achieved within the first 10mm of the sub-grade. Thirdly, for most species, run-off should be of much greater concern than leaching from pavement construction materials. Fourthly, alternative aggregates can be better performing than conventional aggregates that are generally accepted in pavement construction.
